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ABSTRACT 


Tee ween tdevetopment of CO>. Transverse Excitation 
at Atmospheric Pressure (TEA) lasers: has: generated: expanding - 
interest and success due tom their: high. pulsed. power~capabili-- 
ties amd simplicity of construction.. We: therefore:decidedcta: 
Borstruct a C8 qe Beas laser because of the: need» for a:high- 
powered, pulsed, coherent radiation source: with wave: length 
near 10 microns to. conduct absorption. studies of. laser=- 
induced plasmas. It was decided that- thee constructed: laser: 
should have an output energy per pulse: between 10 to:50°- 
joules with a pulse time between 0.1 to 1.0 microseconds: . 
Mmis paper deals with the construction of that laser, and: 
includes a discussion of the background and physics of- 


Beeration of the CO» TEA laser. 
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I. INTRODUCTION 


Recently a need arose at the Naval Postgraduate=School- 
for a high powered, pulsed, coherent, radiation source: with- 
wavelength around 10: microns... Radiation. at- thisswavelength~-. 
can presumably heat plasmas: to high. temperatures:efféctively,; 
and such a device was needed to do further~ absorption: studies: 
of laser radiation in a plasma.. In. view: of: the: expanding: 
interest and success being made im the: development of: TEA-. 
tasers at that time, and their apparent: sampiicity of: 
Seetmuction, it was G@eetded to: construct: az Oba; TES laser: 
as a thesis project. 

The term TEA Laser is an acronym for "Transverse 
Excitation at Atmospheric Pressure” Laser [20] . In general 
it implies that one is talking about gas lasers operating at 
Or near atmospheric pressure with pumping electrodes situated 
transverse to the axis of the laser cavity, and that all 
these conditions are contrived in order to: achieve high. peak 
output power pulses. This type of laser has some marked 
advantages over solid-state type lasers which make it desir- 
ee TOL age eat the school. .CO», THEA laser efilcienciesware 
Eypically higher, ranging from about 10 to 20 percent, 
Sompared to about 0.1 to 1.0 percent for most solid state 
types. As a result, higher output powers can be attained. 
Per ENCrENOEre  enerwave length of Operatien ts near fOr 


microns which is much longer than that for most solid state 





oe 


a) oe pa 


vasaxs whose: wavelength. generally: £441: inzthé:vieib1e 
poreton. Gf the: electromagnetic: spectrum (eq-, for ruby 
lasers, A= 6943, ASG. for- Na, A- ==1.06 microns). ‘The 
longer wavelength. is: more: useful for. heating and diagnostic 
studies —Eissire: walteidans it leseinstnesr ely 1015 EO 
lo" electrons per cuiic: centimeter: TRe<ptasma heating 
pee OW abeorptinm ot imctdentelasee-1ignt. where the 
Plasma. absorption: coefficient, K,. at=the:frequency z/ , 


is given. by 


eae, UE OS Zi om A ae 


xU > (xp) 372 [22--(4,2/2/2)] : <a 


where Z% is the. atomic number and inA is the Coulomb 
logarithm [o]. Finally, this laser. is:less expensive to 
construct than a comparable solid state laser because the 
active medium consists of a gas rather than an expensive 
crystal with high Optic qualities. 

ft was decided, therefore, that the laser should be a 
pulsed CO> TEA type emitting coherent, polarized radiation 
at 10.6 microns. The laser would be designed to achieve the 


following Output. characteristics: 


OUTPUT ENERGY PER PULSE: 10-50 joules 
PULSE TIME: 0.] - 1.0 microseconds 

PEAK OUTPUT POWER: at least 10 megawatts 
MAXIMUM INPUT VOLTAGE: 60 kilovolts 


DESTRED LASER EFFICIENCY: 5-10 percent 





I.. CO» TEA. LASER BACKGROUND- 


A. OLD METHOD OF OPERATION 

Pte recent ye nediercuia qac lasers. smeh as: 3CC, hac 
not been able tom generate high. peak powers: because-of -their 
low density af active: molecuies: compared. toc solid-state 
materials. The ald model for: obtaining laserzaction:. 
consisted of placing the gas: in. a cylindricai_or-rectangular 
Gomtainer inside af am optical cavity. Then:.the:C0O9 molecules 
were excited to their upper vibrational. levels:=by injecting 
emergy through. electrical discharge from electrodes -:located 
at each end of the container... For optimum continuous :-laser 
output, very low pressures (on. the order of.1l-torr) had to 
Pesmaintained. In order to get: reasonably high peak power 
pulses from this arrangement, Q-switching devices had to be 
employed. These devices were necessary for at least two 
reasons. First, the density of active molecules is about 
three orders of magnitude less than that for. typical.solid 
state lasers. Second, the photon energy per transition is 
from 10-20 times less due to the longer wavelengths involved. 
The coupling of these two factors means that at low pressures 
mepecannot even approach the pulsed power capability of a 
comparable eagikitg state laser. 

Ingorder to Ootain high peak powers irom CO? 1 becomes 
necessary to increase the gas molecule densities so that 


more laser transitions per unit time will be possible. This 





meams: going too higherz pressures:and:larger+discharge volumes. 
Eiigh pressure operatior,. which will_be<cdefined as at or near 
atmospheric pressure,, created additional_problems however. 
As pressures rise larger. voltages: are:needed to achieve 
breakdown. For example, ata pressurecof “one torr a CO5 
laser with. ar. electrode: gap of. one:meter:would require a 
breakdowm voltage: or the: order-of:1.3:kitlavolts; if that 
same Taser were operated at atmospheric-<pressure, it would 
require a breakdown voltage on the-ordér-of.103 kilovolts, 

ox one milliom volts... If- these high-voltages could be 
atteined ,, (rarer ie uNsenR EW BeA maa Reb HaeeE resutr— 
ing from high pressure: ionization instabilities rather than 
the uniform volume discharge that is:desired. 

A uniform volume discharge is-essential for high laser 
Eeereciency. The CO5 molecules, which are evenly distributed 
throughout the cavity volume, are collisionally excited to 
their upper laser levels by inelastic collisions with 
electrons being accelerated from the cathode to the anode. 
Therefore, in order to get the maximum number of molecules 
excited it is necessary to achieve a uniform volume discharge 
of electrons in. the laser cavity. Anything less than that 
produces inefficient collisional energy transfer and 
therefore reduced laser efficiency. Hence, the old model 
of a cylinder with electrodes at each end becomes impractical 
at high pressure because the voltages needed for discharge 
eae tOO high, ama any result would be an™arc Yaener thaw a 


uniform volume discharge. 





EB. TRANSVERSE: EXCITATION METHOD? 

Te avercome: the: problems: of=high:pressure operation the 
electrode geometry must be modified-to-achieve "transverse" 
rather than. "longitudinal" excitation... Transverse excitation 
(TE) employs & short discharge:léength. but a large area to 
genceve = large discharge. volume;. Thesmethod is better for 
several reasonss. First, theshigh-voltages needed to attain 
igh. pressure: breakdown are. applied-over-_relatively short 
distances... This: means low workable=voltages can be used to 
obtain. large discharge volumes:at-=high.-pressures. For 
example,, the electrode gap is-expected to be from two to six 
Gentimeters.. This gap will require -a:discharge voltage of 
from 20 ta 60 Kilovolts at atmospheric pressure, which is 
small compared to 103 kilovolts.. Therefore, with a uniform 
discharge the result is greater laser energy produced by 
smaller voltages. 

Another TE advantage leading to higher efficiency comes 
from the low discharge impedance inherent in a short elec- 
trode gap. Low impedance allows a very rapid injection of 
the excitation energy. (Injection times on the order of 
107° to 107? seconds are expected.) The importance of rapid 
energy injection is due to the time scales for laser action. 
To achieve high laser efficiency the excitation pulse width 
must be small compared to the collisional lifetime of S057 21) 
its upper laser level. This is so that each molecule will 


spend most of its time in the upper state maintaining the 


population inversion until conditions are favorable for 
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rapid. depopulatiom.. The=moiecalécmust<spend minimal time in 
tir: Tower levels: and in the:process:of-being excited to the 
upier level. Guree. the €O>- upper. level. com lis ion metic eine 
at one atmosphere. is near 1075- seconds, the transverse 
excitation. time: is: significantly less.. Therefore, transverse 
excitation. is: well. suited for:rapid:-energy Injection wien 
Peminonces: laser Stricaency.. 

The napaic discharge naturesaiso-eliminates the need for 
@-switching devices: to achieve giant -power pulses. Natural 
qiant pulses automatically occur:from: rapid energy injection 
by means of a. phenomenon calledi"gain: switching." To realize 
row: gain. switching occurs, consider-the sequence of diagrams 
illustrated in. figure l. Sts and (b) depict the 
input voltage: and current pulses. formed as a high voltage 
capacitor bank is suddenly discharged across a low impedance 
moms VETSe Excitation electrode gap. The voltage and Ccumment 
pulses are similar in form, and both are less than a micro- 
second wide. The current pulse lags the voltage by a small 
but finite breakdown time (due to the time it takes for 
electrons to form) in the gap. The gain (c) builds up 
during the excitation pulse and reaches its maximum near the 
end of it. The gain has reached its maximum in a time less 
than the mean lifetime of the molecules existing in their 
excited state areas 107> sec). This means nearly all 
available molecules have been kicked up to their upper 
level before many have had a chance to depopulate. This 


situation produces a nearly ideal population inversion. A 


=, 
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; Paigure 1. 


giant: laser~ pulse will _follow as all the excited molecules 
rapidly cascade downward.to-stheir lower level, emitting 
intense laser radiation over a short time. Previously, 
Q-switching devices had to be employed to attain high power 
pulses (increased by a factor of roughly 10°). With TE 
methods, however, these giant power pulses become an automa- 
tic result by means of the gain switching phenomenon. 

A. final big agwaneeee of transverse excitation is that 
it facilitates the use of double-discharge re or 
techniques to attain uniform volume discharges. With all 
the advantages mentioned, transverse excitation will not 
yield the uniform volume discharge needed for high efficiency. 
Therefore some means must be used to spread the discharge 
uniformly. Preionization by double discharge utilizes a 
series of insulated "trigger" electrodes, in close proximity 


to the cathode, whose potential is essentially that of the 


anode. When a high voltage pulse is applied to the anode, 


10 





it first initiates: @ low, energy caghodestostrigger discharge 
sufficient tc creme: a uniform sheetzof-electrons around the 
cathode... Subsequently, when the: voltage_-pulse reaches higher 
values, the main. cathode to anode. discharge -.takes place. 
The preitonization. effect spreads: uniformly this ensuing 
discharge so that a uniform volume: discharge-results. The 
trigger electrodes: apparently do. notz~increase the total 
ne Odie cohnarge: Electrons, GUL. seaye rather effeceive ly 
te spread. them into @ uniform volume:discharge. ‘This 
technique minimizes: the effects of-electrode irregularities 
mionmy with. the tendency to generate: concentrated arcing. 
With proper application of these preionization techniques, 
laser efficiencies can be enhanced from around 3 percent to 
the 10-20 percent range. 

Himcumiary,. thewoutput ot the COjs laser as iimense my, 
increased by operating at high pressure (atmospheric) with 
transverse excitation methods. Such operation, referred to 


as “Transverse Excitation at Atmospheric Pressure," or the 
TEA mode, has the aforementioned advantages: 

Pe GiedeeunlOrcat ences lty  adNe sane ic fOte scpre cme 
available energy density. 

2. Greater active volume due to large electrode 
Surface areas. 

3. Relatively low working voltages required to 
generate large fields due to short discharge gap. 


4.. Higher laser efficiencies due to: 


Eee ha prarenenhay aiece Lior 


Bled 





im. Peecoipemvation tee@hnigques- 
>. Gicrt pulsess without Q=-switching-due to gain 
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Tits PReraics OF Tih €O> TEA EASEE- 


A. VIBRATIONAL MODES 

Im order to understand the physics of.CO9- laser-action, 
one mist look first at the CO> molecule itself‘ (Figure 2). 
mie CO, moliceule ita a linear,, symmetric, triatomiccmolecule 
with three degrees of vibrational freedom.. Associated with 
these degrees of freedom are three separate: vibrational 
modes. In the first mode,, called the "symmetric:stretch, ” 
the two oxygen atoms vibrate: along the internucléar~axis in 
a symmetric fashion (MODE I).. For future reference.this 
mode will be designated as (z/,., 0, 0). In. the: second 
vibrational mode, or "bending mode," designated (0,7/5, 0), 
the two oxygen atoms oscillate perpendicular to the inter- 
nuclear axis as shown (MODE 2). In the final mode or 
“asymmetric stretch," designated (0, Oleh all three atoms 
oscillate in an asymmetric fashion along the internuclear 
axis (MODE 3) [16]. To a first approximation, these three 
modes can be considered as independent of each other. 
Pueeketore, the total vibrational state of the CO9 molecule 
at any time is essentially a linear combination of the three 
modes, Since it can vibrate in all three modes at once. The 
total state is described by the three vibrational. quantum 
numbers (vj). v9, V3), and the vibrational mechanical energy 
is given by the harmonic oscillator energy equation. This 


could be written as: 


BS 






cE ’ 
Ba = WE = (vp he) fosat-(voes)hfa + (v54t3)hfo (> 
total n=t n | 1- 2. 2 


where fo is: the: natural_ frequency of-oscillation in the 
Tie 


nth. made... 


(0) (crs (0) 





Pgure ss. 


The energy level diagram for the low lying vibrational 
eeeeees Of €@> is shown in figure 3. Rotational levels for 
each vibrational state are not shown in order to keep the 
diagram simple. By nature, vibrational levels are nearly 
evenly spaced.. Each mode forms: an almost equally spaced 
ladder of energy levels. The energy spacing between the ay) 
levels is approximately 0.17 electron volts; between the U > 
fievyels it: is approximately O.08.electron volts, and for the 
fs > levels the energy gap corresponds to about 0.29 
electron volts. (Rotational levels are much more closely 
and unevenly spaced with energy gaps of 0.001 electron volts 
and less.) 

The CO, (001) level is the désirable upper laser level. 


The (100) and (020) levels form the lower laser levels. 
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Tim excitatinoiy. processs involves: electron=molecule inelastic 
collisions: that: excites the: COo moleculecultimately to the 
(OG1)) level.. Erom here: the molecule: undergoes the (001) -(100) 
Gewnward. transttion,, emitting infrared: radiation near 1056 
microns. The ather’ possible transition~ from (001) to (020) 
emits radiation: near 9.6 microns, but =due:to:a larger 
emission. probability;, the: (001)-{100) transitions at 10.6 
microns are about tem. times stronger>than: those at 9.6 
microns. Therefore, only the 10.6-micron:.transition will be 
comsidered.. After the: laser transition. at:10.6 microns, the 
oo meotecule then. urdergoes radiative:and-collision-induced 
transitions tao the (010) level, and° then: to ground level. 

Me this point it: is: available for excitation again to the 


upper level.. 


eis 


(ev) 





= 
LS] 
Pw 
© 
Ree 
J 
x 
be 


CO, GROUND LEVEL 


Figure 3. 


The quantum efficiency is defined as the laser photon 


energy divided by the upper-laser-level excitation energy. 


es 





For CO, it: is nearly 41 percent:. This:figure is very high 
compared. to most: solid state andcatomic-gas lasers whose 
quantum efficiencies. normally fall_in..the.range of 1 to 10 
percent... This high quantum efficiency makes it possible to 
attain. high lasex efficiencies. provided that the input energy 
ts efficiently transferred to: thecdesired_upper level rather 
tira: distributer to extraneous: leveits:. Such a process of 
“selective excitation” is- possible:in:.the CO j laser. It is 
this selective: excitation coupled¢éwith.the high quantum 
efficiency that enables ONG. Teed towne aser er rielenclecsac 


Inigh. az 10 to 2D percent. 


B.. SELECTIVE EXCITATION PROCESS: 

Selective excitation is a collision-dominated) process: 
fimethe CO> TEA laser, energy injectionsis by means o£ an 
electric discharge that creates a (uniform) flux of electrons 
whose average energy is near one electron volt. A large 
number of inelastic collisions take place between the 
meeetordted electrons and the- existing CO> molecules, causing 
eae molecules to be excited to various vibrational levels. 

At one electron volt, the electrons preferentially excite 
CO» to the (0 O73) levels, i.e., to’ the nearly equally 
spaced levels of the mode 3 energy ladder. Selective 
excitation becomes possible because the (O 0 V3) levels are 
almost equally spaced. Collisions between C02(00 7/3) 
molecules with those at ground level result in an efficient 


transfer of vibrational energy from excited molecules to 


16 





unexcited: moleruless, 1.e4, 


COy(GWOW)' ++ CD9{000)—» C02 (0-0 2%3~E). +-CO2 (001) (3) 


Similar processes: follow that bring the=:(007/3) molecules 
down. the: ladder: to: the: (001) level-.while-simultaneously 
kicking: ground statecmoliecules into-the<(001) level by 
eqilliitss-onal. transferroflfenergy.. Thissmechanism is resonant 
im the sense that: there-is an efficient =redistribution of 
the excited molecule: energy to: the: (001). level with very 
hittlTe loss: of the. total internal energy of the system. The 
efficiency of redistributing the:C09(00 7/3) molecule energy 
intm the upper laser-level is high... THhissfact implies that 
the excitation.mechanism is considerably effective. 
Nevertheless, @lleetron impact.excitation am pure CO» gas 
Cannot by itself attain the needed selective excitation for 
high efficiencies; normally there are a good number of 
molecules excited to upper levels other than in the (007/23) 
mode. These molecules produce wasted energy that reduces 
laser efficiency. Another form of selective excitation is 
needed to complement the process previously mentioned. This 
ga- Gone by adding witrogen gas to the-carbon dioxide. The 
usefulness of N2 can be seen from its energy level diagram 
for the low lying vibrational levels of its electronic 
ground state (Figure 4). Since Nj is a diatomic molecule, 


it has only one degree of vibrational freedom (along the 


internuclear axis). Therefore, only one quantum number (v) 
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fis: neSeenN toe deserapelcompieeer = cae te Serena state of 
ines morewmiale>. Tk=atunns Out cthat sche cnergy elevels ions 
coincide almost: exactly with. those-of :the (007/3) mode of 
ene. Trieaerorpe tet ficient.collisienal energy transfer is 
porsssiblie,. As: wiih CO2, the:N5-molecules become collisionally 


exccitect toc theary upper. vibrationak_levels by electron impact. 









Sn I Nee? 
(002)_ 
Energy: 
Transfer. 


({O0) 


CO, GROUND LEVEL N, GROUND LEVEL 


Figure -4.. 


Senee the excitation energy of No(v=1) nearly equals that of 
CO, (001), an efficient transfees Of Vibrational energy ~to €O7 


is possible as. follows: 
N5(v=1) + CO2 (000)—e»N>(v=0) + COz(001) (4) 
ity. @ more general. sense, the.reaction would be of the form: 
N>(v=v’ ) + CO>(000)—mNo(v=v' -1) + CO(001). (5) 


This quantum transfer of energy can be recycled again and 
again so that. all N»5 vibrational .levels contribute to the 


redistribution of vibrational.energy. Because of the 


PeeOnant NMacure of the process, the Selective excitation ox 


CO2 to the (001) level becomes even more dominant. 
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BR further resonant: mechanism existssbecause:of the close 
coincidence of Novand. CO>(0073) energyslévels:. In collisions 
involving N2(v=v"’) and: C0>({000), efficient=vibrational energy 


transfer can. take place: in.the following fashion: 


Once this total energy. exchange takes=:place:the excited CO9 
molecules can. then. redistribute their-’energy ‘to the (001) 
level by the resonant. process previously described in 
Equation. (3). The final result of all. three-selective .excita- 
tion modes is an. efficient: redistribution of:-the total 


molecule vibrational energy into the désired.upper laser 


level (001). 


SeeeoeuLECrTEVE DE-EXCITATION PROCESS 

Once the CO5 molecule is selectively excited to the (001) 
level, it can emit a laser photon at 10.6 microns as it 
de-excites to the (100) level. From this point it must 
return (rapidly) to ground state before it.can be used again 
for producing a laser photon. The molecules at the (100) 
feyel are de-excited essentially by collisions with other 
molecules. Here again the possibility of resonant vibrational 
energy transfer plays an important role that allows a "selec- 
mpve de-Cxci tation PEOCeSSs tC Occur. | Hrem the COjsencmug, 
level diagram one can see that the lower laser level (100) 
Has tedmhy CwilCe the clergy Eequimed to,exec1ce CO to eens 


(OO) tevel. Therefore, if a CO> (100) molecule collides 


at, 





witin a CO»(G00)) molecule, the vibrational_energy can be 
efficiently redistributed: between the<two-:by: exciting both 


to the (G10) level,, iies:: 
GO>(100) + COz (000) —»22C05 (010) (7) 


Here agaim a resonant=Like: process:exists:inrthe sense that 
theme is: am efficient: transfer ofivibrationalt ‘energy by 
Teitaicicons se: thatomost. CO, molecules:tend-ta-:redistribute 


te the (Q10) level.. 


D.. NONRESONANT? DE-EXCITATION 

The de-excitation.process is not =compliéete, however, until 
fiw moLecnie ends up.in its ground states, The 
de-excitation of COz from (010) to (000) is also dominated 
by collisions, but now they are "nonresonant" ones because 
the energy of CO 7(010) is converted to kinetic energy of the 
background molecules, or heat energy of the container walls. 
Because of the nonresonant nature of this phase, the transfer 
of CO5(010) to ground level can be slow and sSuse 4 bottle- 
neck in the overall laser cycle. The result may toys reduced 
efficiency and less energy out. To avoid this bottleneck 
one must somehow increase the non-resonant collision rate. 
This rate depends on the nature of the background particles. 
o> melecules, for .example, have about 100 de-exciting 
collisions per torr per second, while helium atoms have on 
the order of 4000 collisions per torr per second [17] : 
Therefore, one can reduce the bottleneck and increase laser 


Stticitency Sy adding a gas Like helium to the C07) maxctuee. 
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Im summary, by. adding: Nj: and He-gas;.the<CO5 laser 
efficiency cam be: increased: by means:of-twocetfects: 

(T)) An. increased selective excitation. rate of 
€O> tm the (O01), level’ resulting from™increased N5 - COz 
collision. rates... 

((2Z)} An. increased: (nonresonant) désexcitation rate 
@f CO>(10)) ta ground states resulting: from:.increased H, - 


€O> callision. rates... 


Lypical. CO9:: No:: H,. mixture: ratios run-.in:.the:vicinity of 
IL =: Ll: 12 (lowing) and have produced: laser-efficiencies up 


mo 20 percent... 


he COMPETITION EFFECTS: 

To this point, no mention has been made of the various 
rotational levels that produce the many possible P and R 
branch transitions. One might think jenat tnesenenc, souupue 
Pemld occur at many frequencies corresponding to these 
Mrcem@ete P and R branch transitions. It turns out that 
this is not the case.. In spite of the fact that the (001) - 
(100) vibrational transition contains many possible P and 
R branch transitions, the output can be essentially mono- 
enromatic at 10.5915 microns. This specific wavelength 
corresponds to a single P branch transition, namely P(20). 
The unique nature of the output radiation can be explained 
in terms of "competition effects" between the various P and 
R branch transitions. 

During “Waser action, the €O> molecules are essential, 


at room temperature and have a mean kinetic energy of about 


Jal 
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2 electrom. vodts.. Sincecenergy’:spacings between 
Vilmetional leveds: are_in-.thecrangesof 0.1 to 1.0 electron 
volts, while: rotational energy spacings are no larger than 
O200L electron volts, it-is:generaklyererue that 

AEVin 2? K-E-molecule ) DAERot:-: AS a result the CO? 
molecule cam jump: around easily from:one rotational level to 
tihe: next;: it-doessso at.azihigh..frequency, called the thermali- 
zetiom rate.. The: rotational thermalization rate at room 
temperature: is: approximately 10’ hops per second. Since oe 
time: between hops: is roughly: 107* seconds, these levels 
rapidly become: thermalized_-in:acBoltzmann distribution among 
the various rotational levels-:ofa:given vibrational level. 
Snethe: other hand) the vibrational.thermalization rate is 
relatively small_at 103 hops per.second. This rate is 
associated with a mean vibrational lifetime of 1073 seconds, 
which isevery long in terms Om@mene scale on whiehetoser 
events take place. Laser action takes place in 107-© seconds 
Gr less. Therefore, the molecules will remain in their 
selectively excited vibrational level (001) but will become 
thermalized in their rotational levels about some peak level 


(Bigure 5).. This: peak levellis-the J-= 19 rotational level 
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Figure 5. 
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of the (000)) vibrational. level... Thezdominant transition 
qeours: betweerm. (001) J =-19: andzi(Y00) J = 20 and is 
Yabeled the: P:(20) transition: (Figure 6). 

Hecause: the: rotational.levels. become rapidly thermalized 
iio: x Boltzmann. distribution, any change in the population 
dens-ity of one: level changessthe-:population density of all 
ather- levels: in.a: fashion thattwill_tend to maintain the 
@aiginel Boltzmann distribution... The-transition with the 
highest: gain, P(20), will begin-oscillating first. When this 
Gecurs: the: rate: at- which molecules.are-drained from the 
G=19 level increases due:tocthe:resulting stimulated 
emissions: on.the: P(20) transition.. The requirement to 
meetain the Boltzmann distribution, however, will cause a 
transfer’ of molecules from other:rotational levels to the 
T= 19, Thesefore, the population density Of all other tora 
tional levels decreases even through laser oscillation on 
P(20) drains molecules from the J = 19 level. A strong 
competition among possible laser transitions aah CRS from 
this situation, and usually one P branch transition 
dominates. In this case the dominant transition is P(20) at 
Po. o9lLS microns:. 

AG ed Wateer Of INterese, ose! lotion in Less dominant 
and R branch transitions can be produced if there exists 
enough gain for that transition, and if stronger transitions 
ele prevented from oscillating. This can be done by means 
of a wave length selecting mechanism such as a grating or 


Prism. Because Of the strong competition effects, ome eam 
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obtain. roughly thee samec amount of-output power ‘on any 


selected: transition: using: wave length-=selécting methods. 
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Fagure 6<. 
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IV.. CONSTRUCTION” 


A.. MECHANICAL. 

The averall laser system -consists:of a rectangular 
Gemmtainer fillesiiwith a mixture-oficarbon dioxide, nitrogen, 
and helium: gasess. and with large:areazelectrodes located 
transverse tos the: longitudinal_axis:of the container for 
electrical pumping... Brewster:windows:are at each end, and 
qutside: of these: are end mirrors:that=form the optical 
Mesonator.. The: laser electrodes: are:connected to a 60 
Kilovolt: Marx: Bank:impulse generator:-which supplies the 
input energy.. 

The: laser- box: (Figure 9) is 40 inches long, 12 inches 
wee, & inches high, and was made of 1 inch thick acrylic 
fierce walls and a 1 inch thick aluminum bottom plate. The 
walls were fastened by 1% inch screws, and so no attempt was 
made to make the chamber vacuum tight. Rectangular laser 
portals (5 x 1-3/4 inch) were cut at each end, and lucite 
sidewalls were: attached to form Brewster window mounts at 
the Brewster angle of 56° 19' with respect to cheuena wall 
(Figure 12). The Brewster windows consist of 2 polished 
NaCl crystals (5% x 54% x 3/8 inch) attached to the Brewster 
Window mounts with silicon glue. The box itself rests on an 
optical bench 160 centimeters in length which is securely 
attached to a rigid table. 

Inside the laser box is located the electrode assembly 


(Figure 10), consisting of an anode, a cathode, and trigger 


Zo 





electrodes.. The: anode. consists:of-a:%:inch copper plate 
3& inches long and 5 inches:wide:. The«<corners were rounded 
and: all. edges: were: smoothed: to-minimize arcing effects. It 
wee braced by twe:3/ inch lengths:of:l_inch thick lucite. 
The lucite: braces: run nearly the:length of the laser and 
were: fastened securely to the.topzofithe laser box. Four 
sections: af threaded copper: rods:(l_inch O.D., 3-3/8 inch 
length): were: used. for electricali_input to the anode. These 
sections were: soldered to the. top=side of the anode; they 
alsc@ function.ass bolts through .the-top of the box to secure 
the anode to. it.. The combination: of-bolts and lucite braces 
insured that. the anode was rigidly fixed to the top of the 
box. and accurately aligned. | 

The cathode consists of a copper plate that is 1% inches 
moack, 36 imches) long, 4 inches wide, andecontains 115 
triangular ridges and grooves running transverse to the 
length, across the 4 inch width (Figure 11). The grooves 
were cut 3/8 inch into the plate and are separated by 5/16 
inch.. The apex of each ridge forms a 45° angle; all corners 
Pec ereunded Co minimize arcing effects. | The cathode 
structure was bolted to the 1 inch thick aluminum base plate 
which is 48 inches long and 12 inches wide. The base plate 
was, in turn, secured to the optical bench so that the bench 
would be at ground potential along with the cathode and base 
plate... The cathode was secured to the base plate by six 
threaded copper rods (1 inch 0O.D.) soldered to the bottom of 


the cathode. These rods are 2% inches long and serve both 





es Bolts to the aluminum baseeplatecandcas the electrical 
feed connectorss hetween: the: cathadée-<and<-ground potential for 
the impulse generator. 

Mic trigger electrodes consisct2of 915 pyrex Garpwllany 
tubes (7/32: inch.O.D., 7 inch: léngth)., each containing a 
@ inch. nichrome: trigger wire: (.Ol_inch.0O.D.) within. The 
Wires were: sealed im the glass:at =thecfar end, and had two 
B@ @eqree: bends: at- the exposedi-end:ta:facilitate connection 
tm an. electrical terminal located“near<the wall of the laser 
box (Figure 10),. Each capillary tube<with trigger wire was 
set im one: of the: 115 cathodecgrooves<and spot glued in 
meee SO thick: Gaxen wire rested. at=nearly the same level as 
the top edge of the copper ridge.. The nichrome wires were 
soldered to a copper terminal (4% x:%.x:36 inches) running 
the length of the cathode at a distance of 24% inches from 
Pes nearest edge. The copper terminal was connected to the 
anode through a capacitor. 

The electrode assembly was constructed so ones the gap 
between anode and cathode could be varied from a minimum of 
2 centimeters to any maximum value desired. The trigger 
electrodes: remain fixed, however... Increasing the electrode 
gap consists of removing the lucite box and attached anode 
meom the aluminum base plate, and placing a lucite gasket of 
the desired thickness on the base plate. The laser box and 
anode are then remounted to the base plate and gasket ata 


new height dictated by the thickness of the lucite gasket. 
It is anticipated that electrode gaps between 2 and 6 


centimeters will be used. 
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Tine carborm dicoxide,, nittrogen,, and: helium-will_came<¢ 
pre-mixed In @ single: supply tanmk:. The mixture¢cratio:will 
be 15:10:75 initially... This: pre=mixed method: issmerely an 
empecdient, however,, tao obtain.successful laser: actionsas 
early as possible. Once: this: is: achieved, thez:gas:hookups 
WEL be modified ta accommodate: separate tankssofieach. type 
of gas. Then gas mixture ratios: and: flow rates:can:be<:varied 
to test the laser actiom as: a@ function of. thesecparameters. 
Also new gases can. be: introduced: in.combination-with carbon 
Gearogde ta test theihb: etferts: or. laser.action.. These - 
procedures will call for some: additional valves:and-gas _flow 
meters to regulate SRS gccicienic cone leyee Also acgas°mixing 
tank will be used prior to introducing the gases-into the 
laser cavity. Additional gas: inlet and outlet-holes will 
have to be made in the laser box to attain a desirable flow 


pattern transverse to the laser axis and the discharge path. 


Pe BLECTRICAL 

The input energy will be by an electrical. discharge 
across the electrodes, produced by a high voltage short 
Guration pulse. The discharge voltage required to attain 
the desired breakdown at atmospheric ereetne will be 
between roughly 20 and 60 kilovolits for electrode spacings 
ot 2 to 6 centimeters, respectively. The input pulse dura- 
meron will be on the order of a microsecond. “A~tnree Stages 
marx bank impulse generator fed by a 20 kilovolt, 15 miili- 


amp DC power supply will constitute the electrical power 


source (Figure 13). 
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Ai, mamx: types gewesator. issanm-exceklermt method of attaining 
te igh: Vedieages shomh pulsedaenerqy: injestieonsrequineds co 
Qperate: a doubie=-discharge TEA laser... A. simple schematic 
Ser a mark: generator is shown.in-.Figure=7.. The marx system 
acirieves: impulse voltage multiplication: by charging capaci- 
tor stages: im. parallel and discharging:them in series. The 
capacitor stages: are: connected: in»series -by switching spark 
@aps.. Ghe: of the switches issin:the:form-of a triggering 
meanic gap with.external ignition:meanss. If Cy is the 
required capacitance: of the totailnetwork storage capacitor 
whem discharged,, then each capacitor»discharged in series (Cc) 
must have a value nCyn, where- n:. is:the number of stages. 

im Pigure 7, n=3: and so each,of: the 3.capacitors must have 

a value of C=3Cy. The isclating elements (R) prevent the 
@apacitors from being short circuited through the gaps during 
the pulse, and so they must have a sufficient value to do so. 

wie main advantage of Che ™imamss system is that voltage 

Mmmlceiplication.is-achieved. The marx circuit gives higher 
output voltage than a comparable parallel bank arrangement 
with the same stored energy by rearranging the bank into n 
equivalent: cirenits. Ideally, the voltage out will be nV;j.Q, 
mevang an n=<told voltage multiplication. In practice, how-— 
meer, Le 1S expected Ehat roughly 10 percent of the voreage 
will be lost due to currents flowing through the isolating 
elements. Because of the voltage multiplication the direct 
current source required is relatively small, and also less 


McUlazlOn mas required in the Circuit compared to tne 


De, 





enqguiivanliesrt: GCR. ciaseamit.. A.furthemsradvamtage is that it 
eliminates: the: need for. a transformer; which makes it good 
fim exspeximental.purposes. Thesmain: disadvantage is that it 
requires. larger: individual capacitors since each must have a 
Walime C= ney: where Cy is: the:desired capacitance o£ the 
network: storage: bank. under: discharge... 


To: Trigger | | ; 
Generator Vi -ZOKV MARX | GENERATOR : 
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Figure 7. 


The particular marx generator used (Tachisto, Inc., 

Model MC-3, No. 14) is a three stage device designed for a 
maximum charging voltage of 20 kilovolts and a maximum output 
voltage of 60 kilovolts. A safe pulse rate is 5 pulses per 
second, although pulse rates up to 12 pulses per second can 
mer tolerated for short periods of CtCime. The capacitance per 
Stage is 0.5 microfarads (with a possibility of going ta Gao 
microfarads per stage) producing an overall network capaci- 


tanee,or Cy = 0167 micwotanads duringgdascharge.- “The 


isolating elements are 333 ohm resistors. 
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See 


BR charging: impedance: (Roe) must-becplaced<in-series with 
the 20 kilovalt DC charging: line. to: limit =the¢current drawn 
from this power supply:. A-.power resistor:is-:the simplest 
such charging element;, provided it.is:satisfactory from the 
cEeapapointi of powess dissipation, currentzamd:.voltage rating 
of the power supply, and desired repetition: rate. The--madn 
disadvantage: of such: resistive charging-is:that~ the maximum 
efficiency is 50 percent... Resistive.-charging:should prove 
Satisfactory at least: initially, however; since-low repeti- 
tion rates will be used... 

The choice of the: charging resistance:value is determined 
by two conflicting factors, pulse repetition rate and maxi- 
mum allowable current: drain from the power supply. As 
previously mentioned, the capacitors are-charged in parallel 
mmemaischarged in series, and the capacitance per stage must 
Heme. i lLnerefore, during the parallel charging, a unlt 
with n stages represents an equivalent capacitance to the 
power supply of Ceg = n(nCy) = ne and the time constant 
for charging through a resistor R, is EC =R, Ceg- It is 
desirable to have an interpulse period of at least 3T so 
that the capacitors can become charged: to 95-percent of 
ae  Lnerefore for  f™ pilseseper second, “ene repetition 


Pate criterion is that. 


2 | aceq] (8) 


AGeene woment ate firing, the marx generator Looks le 
a ShOreE Circuit to the power supply, so that the Instantane— 


ous current drawn will be 


Sel 





i> ==Vin/Re-- - (9) 
ii iis: current is limited: toc the-value “175. DY eho power 
supply, therr the maximum allowable:current criterion is that 


i € ipax-. Which.places a lower-limit.on Re such that 
Ro->* Vin/imax:: - (10) 


Actually thiss imit.can be:exceeded:somewhat due to the power 
gupply output: capacitance, charging: lead inductance, and the 
non-zero: response time of. system circuit breakers. 

Agsuming, that. hoth equations: (8) and (10) hold, the 
feeccoary powes supply current :for the desired repetition 
Pere ff is 

Imax = 3Vin Ceq f (11) 

For the 15 milliamp, 20 kilovolt power supply on hand and the 
meeemLcrotarad charging capacitance, the repetition rate 
should be no greater than one pulse per six seconds. To 
increase to 10 pulses per second will require increasing the 


Shaeging current by a factor of 60. 


C. MIRRORS 

The optical. resonator consists of two mirrors, one placed 
at each end of the laser box outside each Brewster window. 
The back~end mirror must be totally reflecting while the 
front-end or output mirror must be partially transmitting to 
teat a certain. fraction Obstuem laser energy OUEss Past scan 
TEA, laser studies indicated that effective laser action 


could be realized by using output mirrors with a transmission 


SOc elerent in the range Of .15 to .20. 
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There are two possible methods: for-achieving output 
emailing af energy” with. partial. transmitting output mirrors. 
The first is to use a. solid-back mirror:whose transmission 
coefficient is sufficient. to achieve: optimum output without 
unduly damping laser oscillation in.thetcavity. This method 
meee ruled out initrally due to the: high-cost :of such mirrors. 
The second method uses: small holes: placed-in a totally 
reflecting mirror to: achieve output. coupling... This approach 
was chosen. initially because it is. 1lesssexpensive and can be 
equally effective provided the gain-isthigh-and the hole 
Gize is small compared to: the mode. spot:<size.. For example, 
ma particular mode has: one of its maxima: fall on a mixror 
hole, that mode will suffer increased loss; if hole size 
@@.2 x spot size, losses due to the hole-will probably be 
Wiereient to produce a round trip gain for that mode less 
Enon one [as |. In this case the mode will no longer 
Oscillate. Therefore, the hole size as-well as hole pattern 
becomes an important consideration when employing this type 
Stwoucput coupling. 

moe mMabror Gesign was based on the requirement for a 
S@eole resonator to Keep the energy loss=per round trip 
small. Also a system insensitive to misalignment was desired 
to minimize losses from slight errors in mirror alignment. 
The stability criterion is that: 


O¢g 3195 €l1 (stable resonators) 


where =l1-L/R, GL is the resonator length and R is 


GhewMGEmoL ragtus Of Curvature: Tass ‘CrLicerion Can oe 
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represented by. the: stability diagram (Figure 8), where any 
opttical resbnator can be.depreted2by aapoint sin the 3199 
pilane.. Only those points failing:in-.the shaded PeEeglon of 
time diagram correspond to stabdé-resonators., Points lying 
cqutside the: shaded. portion correspond to unstable resonators. 
Hence,, the first: requirement=for-a:stable resonator is met 
fox- any’ value: OSG195¢ 1-. Furthermore the line defined by 
Sy = Ly represents. the leastzloss:line,; or the locus of 
moiars- least. sensitive to: horizontal_and angular misalign~ 
ment;; diffraction. losses increase-with departure from this 
Line: [19] .. iiemerore lossessiron misalignment Showld 3c 
manamized for: points along the- 9] -=792. line in the broadest 
shaded portion. (designated Dees ere) These points, 
corresponding to g = sa O.5, @ppear- to determine the bese 
conditions for maximum stability and minimum loss [24]. For 


these values the radii of curvature turn out to be R =R5=2L, 


il 
or Ry=Ro= SL. 
pe ae’ 

From this analysis it was decided to use symmetric, gold 
coated mirrors initially, whose radii of curvature are 
13-5 | oe - L = 1 meter. Output coupling would be achieved by 
a series- of evenly spaced holes with diameters of 0.334 
millimeters. Additional mirrors with varying hole patterns 


and diameters would be tested later to determine their effects 


@y laser output. 
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Frgure V4 depicts: one. such mirror. configuration consisting 
@f 287 holes (D=0..334mm) symmetrically placed about the hori- 
zOntal and vertical axes of a polished, gold-coated aluminum 
plate five inches square with a radius of curvature of one 
meter. The spacing between holes is 0.10 inch. The hole 
Size was derived from the general principles to optimize 
Output coupling. They indicate that any mode having one of 
its maximum fall on a hole position will experience increased 
Meise Cue to that hole; if the loss is sufficiently large for 
the total round trip gain of that mode to become less than 
one, the mode will no longer oscillate hel, [r9]. Although 
the mode pattern inside the laser cavity will likely consist 
of a multitude of different modes combined, if one considers 
a Single gaussian mode for the cavity and uses as a guide 
that the hole area must. be less than 0.2 times the gauss ian 


Spot area, One Can arrive at an approximate upper limit to 
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tire tolerable: hole: size... Thetgaussian° hole size can be 
calculated. for this symmetricai_resonator and turns out to 
Bent. Aeceadiciime ters in: diameter.. Therefore an approxi- 
mate upper limit. for hole size:-for:a single gaussian mode 
would. be 2.05 millimeters. in..diameter. One might expect, 
then,. that: any. hole diameter-less:than or equal to one milli- 
meter surely would not degrade: the<gain unduly for a single 
gaussian. mode.. It. is expected, therefore, that the mirror 
Gdeprceted. in. Figure 14, with hole<diameter of 0.334 mm, will 


Peavide: adequate: output.coupling-of-_the laser energy. 
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VC. CONCLUSZONS. 


~=e BESULTS- 
No results: have: been. obtained. yet because the laser is 


Berl in. the construction: phase. 


@. “EXPRCTED RESULTS: 

k.. Teaser efficiency is expected-to:be-at least 5 percent 
Mmectally, and may very well. approach..10.ta:15 percent as 
tests: continue: and.design problems.are:elLiminated. 

2. Energy per: pulse-out is expected to-be near 10 joules 
pacaally.. This: figure:is based onan energy input of 
between. 200 and 300 joules per pulse, and an efficiency of 
Spercent. The maximum possible energy input with the 


present power supply (Cog = 0.157 = 60 KVolts) is 


t. Vgap 
300 joules, neglecting losses, and so 200 joules may be a 
meme saccurate working figure. It is possible the output 
energy could be as high as 50 joules with. the present power 
Supply if laser efficiency is higher than 5 percent. For 


later experiments, the. discharge capacitance may be increased 


Pemattain even higher output energy. 


3.. The energy pulse is expected to have a duration of 
between 0.1 and 1.0 microseconds. Therefore the peak power 


Pes pulse as expected to be between 10 to LOO megawatts. 


a7 Ene pulse repetition rate initially will se ne 


Seaver ethaneeone pulse per 6G seconds. This requirement 2s 


cy 


due mainly tom the magnitude of the-charging=resistance 

(R. = I megachm) between. the: 20 kilovolt=power-supply and 
@ie marx generator.. The: charging@timevscomstamt is-1.5 
seconds, and sa it will take- roughly 6_-seconds to achieve a 
feet charge an. the. discharge- capacitor: bank... 

Ss. Gain. studies will be: performed. to7~determine the gain 
ageamg the laser cavity. length.. It_is:ekpeeted:-that gain 
will be in. the netghborhood of 3 percent .per:-centimeter once 
@erretent. laser: operation. 1s established:[7]. . 

&. Time response. studies of discharge-voltage, current, 
and energy aut: will be made... 

Measurement af the output power will_be-.by means of a 
wemmanium photon drag detectom, Model 7411, seria* number 1168 
meame@ractured by Rofin Ltd., of England. 

This device is designed for use with high power pulsed 
outputs obtained from Q-switched or TEA CO) lasers at 10.6 
microns. It has a response time of less than one nanosecond 
from 10 percent: to 90 percent of peak, and.a.responsivity of 
fe = 201 millivolts per kilowatt. ‘The debasten aces os 
4 square millimeters, and it can withstand pulsed powers up 
to 10 megawatts per square centimeter. The unit operates at 
room temperature and without amplifier. 

The photon drag principle is based on the transfer of 
momentum from incident photons to free electrons and holes 
in a doped germanium rod. As incident radiation enters and 
Passes through the doped crystal, the photons transfer eure 


MSMenetn EO EEee Carriers in the germanium conductzren Bamce 


SYS: 





Tim carriers witty. transferred: momenatum-are<then driven down 
the nod. The free: carrier displacement creates a temporary 
rn@uced electric field? proportional to:the@intensity of the 
incident radiation.. This field. produces.a:‘voltage gradient 
which can. be amplified or fed directly to:an oscilloscope 
for méasurement.. The: governing expression: for the open 
circuit voltage induced by thissprocess:(V) in a photon drag 
G@etector is 


wen — HE) (LR (12) 
ee 


where W is the incident radiation..intensity in watts, p 

is the resistivity of the sample, W is the mobility of the 
carriers, A is the detector area, R is the sample reflection 
Beetficient, and c is the speed of light fecal This 
expression is valid only for a heavily doped semiconductor 
such as germanium. It is not valid for near-intrinsic 
Materials, or when absorption by other than free carriers, 
such as phonons, is significant. By applying this relation 
to voltages obtained by photon drag measurements, one can 


determine the incident radiation intensity in watts. 


C. POSSIBLE LASER TESTS 

Tests will be made to determine the results listed in 
Bart B above. Further tests may possibly be made later to 
determine how these results vary as the following parameters 


are changed: 





i. Ebectrode=:: 
&. Vey eee mater iad: 
b.. Change: the: geometry and-double-discharge 
technique.. 
c.. Vary. the: electrode gap.. 
aq.. Try coating: the: cathode-surtace =<ta-change the 
electron work: functions. 
2. Vinecay Inputs: 
Vary the input: energy by means:of:changing the 
e@ectrode! gap. and, capacitor. bank size... 
2. etieeror Conziquracwon: 
a Vary the @e@rpul. couplingsby changang Che wnunber, 
Pattern, and size of mirror holes. 
b.. Vary the surface coating material. 
Ge Vary the mirror radii of curvature. 


4. Gas Mixture: 


ae Vary the gas mixture ratios. 
Jay necoeirele Tay gas combinations... 
Heteseernal LOniZaclon source: 
ae Induce preiontZ2aci1 Onveyvec Saad1Oactive source, 
b. Induce preionization by electron beam. 
SO. = scaling: 
Increase the laser to larger dimensions. It appears 
that CO? TEA Lasers can be scaled up to larger dimensions 


without appreciable loss of performance per unit volume. 
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OUTPUT MIRROR -( Full Scale) 





Hole Diameter = 0.334 mm 


Radius cf Curvature = 1 meter 


Figure 14, 
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